In mammalian primary visual cortex (V1), integration of the left and right visual scene into a binocular percept derives from convergent ipsi-and contralateral geniculocortical inputs and trans-callosal projections between the two hemispheres. However, the underlying developmental mechanisms remain incompletely understood. Using genetic methods in mice we found that during the days before eye-opening, retinal and callosal activity drives massive apoptosis of GABAergic chandelier cells (ChCs) in the binocular region of V1. Blockade of ChC elimination resulted in a contralateral-dominated V1 and deficient binocular vision. As activity patterns within and between retinas prior to vision convey organization of the visual field, their regulation of ChC density through the trans-callosal pathway may prime a nascent binocular territory for subsequent experience-driven tuning during the post-vision critical period.
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One Sentence Summary: Prior to eye opening the developing retina primes the visual cortex for binocular vision by adjusting the density of a cortical inhibitory neuron type.
Main Text:
In mammals with more front-oriented eyes, the seamless integration of the left and right visual scene into binocular vision is crucial for many visually guided behaviors.
Information about the central visual field is relayed from the left and right temporal retinas separately to the lateral geniculate nuclei (LGN) and then converges in the lateral regions of V1, defining the binocular zone (BZ) (1). In addition, a set of V1 pyramidal neurons (PyNs) project to the contralateral BZ, forming a trans-callosal pathway that also contributes to binocular vision (e.g. up to 40-50% of ipsilateral eye responses in rodents (2) (3) (4) ). The developmental assembly of binocular circuits from retina to V1 is not well understood. Pioneering studies demonstrated visual experience-dependent tuning of V1 binocular properties during a postnatal critical period (5), a neural plasticity principle that manifests across mammalian species (6) . On the other hand, the spatial and topographic organization of retinal inputs reflect cardinal features of the visual world, including the central meridian bridging the left-right visual field. this information is conveyed along the visual pathway to V1 before eye opening as spatiotemporal patterns of spontaneous activity within and between the two eyes (7, 8) . How early retinal activity and the developing trans-callosal pathway shapes binocular properties in V1 is not known. In particular, the role of specific cortical GABAergic interneurons in this process has not been explored.
ChCs are among the most distinct cortical interneurons. They control PyN spiking at the axon initial segment (9) . We labeled ChCs through their embryonic progenitors by tamoxifen 3 administration to pregnant Nkx2.1-CreEr;Ai14 mice (10) and examine their distribution across V1 and lateral secondary (V2L) visual areas (Fig. 1A-B, fig. S1 ). To demarcate the BZ, we injected AAV-GFP into the contralateral hemisphere and visualized callosal axons innervating the V1/V2L border, which was further identified by the expression pattern of type 2 muscarinic acetylcholine receptors (11) (Fig. 1A-B, fig. S1 , see Methods). We found that in mature visual cortex (>P28), the density of layer 2 (L2) ChCs in the border region was half that in neighboring V1 or V2L (Fig. 1G,H) . Notably, there was no such areal difference in Parvalbumin or Calretinin interneurons ( fig. S1 ). Furthermore, reduced ChC density was not evident in other cortical areas receiving callosal projections, such as the S1-S2 and M1-S1 borders ( fig. S2 ).
Following their generation from the medial ganglionic eminence (MGE) (10, 12) and migration into the cortex, a large subset of young ChCs settle in L2 by the end of the first postnatal week and densely distributed across cortical areas including V1 and V2L (Fig. 1C) . Between P7-P14, however, ChC density progressively and permanently decreased in the V1/V2 border region to half that of neighboring regions (Fig. 1C-H) . Therefore, following an initial adjustment of MGE interneuron density during the first postnatal week, which is dependent on the level of glutamatergic input from nearby PyNs (13), ChC density specifically and dramatically decreased in the BZ of V1 in the second postnatal week.
To investigate the cellular mechanism of ChC elimination, we blocked apoptosis in ChCs by Developing L2 ChC dendrites arborize mainly in L1 and likely receive local, thalamic, and contralateral callosal inputs (15) . As the spatiotemporal pattern of L2 ChC apoptosis closely correlates with the invasion of callosal axons (16, 17) , we investigated the possible link between these two events. We used in utero electroporation at embryonic day 15.5 (E15.5) to label L2/3
callosal PyNs with EGFP ( Fig. 2A) . Callosal axons extended to the contralateral hemisphere and arborized densely in a restricted border region between V1 and V2L ( Fig 2B,C) . Coelectroporation of a potassium channel Kir2.1, which reduces neuronal activity, dramatically reduced the growth and invasion of callosal axons into contralateral cortex (Fig. 2D ), consistent with previous findings (16, 17) . Importantly, reduced callosal axon innervation resulted in an increase in ChC density at the border (Fig. 2D,H,I ), suggesting that callosal axon invasion promotes ChC elimination.
To examine the role of callosal activity in regulating ChC survival, we expressed Hm4Di
(inhibitory DREADD receptor) (18) in L2/3 PyNs via electroporation at E15.5 ( Fig. 2E,F The precision of callosal projections to the contralateral V1/V2L border region is shaped by retinal inputs during a perinatal critical period (19) . Perinatal monocular enucleation (ME) in rats induces broadened and ectopic callosal projections into V1 (19) . We found that P0 ME in mice also resulted in broadened callosal terminations in contralateral V1/V2L (Fig. 3A-D) .
Importantly, this led to a correspondingly expanded reduction in ChC density (Fig. 3E ),
indicating that invading callosal axons were sufficient to eliminate ChCs even in ectopic locations. Therefore, early retinal inputs not only play a crucial role in shaping trans-callosal axon projections to the BZ but also regulate ChC survival at the V1/V2L border.
Prior to eye opening, developing retinal ganglion cells generate spontaneous and correlated waves of activity that sweep across the retina (8, 20) (21, 22) and are enhanced by light just prior to eye opening (23) . Retinal waves preferentially initiate in the ventral-temporal retina, which relays information about the binocular visual field to the V1/V2L border region of cortex where trans-callosal axons innervate (7). To examine how retinal activity might influence the bilateral coordination of cortical activity and ChC survival, we enucleated one eye at P6, prior to ChC elimination in the BZ. While callosal projections were not affected ( fig. S8A,B ), consistent with 6 previous studies (19) , ChCs were spared from apoptosis at the V1/V2L border ( fig. S8B,C) . To further explore the role of retinal activity in this process, we unilaterally blocked retinal activity between P7-P14 through intravitreal injection of the potent sodium channel blocker, tetrodotoxin (TTX) (Fig. 3F) . While callosal projections were not affected by this manipulation (Fig. 3G-I) ,
ChC elimination at the V1/V2L border was compromised (Fig. 3J) . Notably, bilateral blockade of retinal activity between P7-P14 also reduced ChC elimination at the V1/V2L border ( fig. S9 ),
suggesting that the overall level and coordination of retinal activity promotes ChC elimination in the BZ. Together, these results suggest that spontaneous activity from the retina plays a key role in regulating ChC density in the BZ by coordinating callosal neuron activity across the two hemispheres.
To investigate the functional impact of a developmental reduction of ChC density at the V1/V2L
border, we examined neuronal response properties in V1 binocular neurons in animals with excess ChCs following suppression of callosal activity during the second postnatal week (Fig.   2G, fig. S4 ). As expected, control mice that underwent a saline treatment between P8-P14
showed a slight contralateral bias in the BZ (Ocular Dominance Index (ODI) of 0.03 ± 0.04; (24, 25) ). However, the ODIs of mice with excess ChCs were shifted toward the contralateral eye (mean ODI = 0.21 ± 0.03), and their contralateral/ipsilateral response ratios (C/I ratio) were significantly higher than control mice (Fig. 4A-C) . We then analyzed the maximum response rate of cortical units following separate stimulation of each eye to further explore changes in contraand/or ipsi-lateral responses. We observed a consistent reduction of ipsilateral, but not contralateral responses in mice with excess ChCs (Fig. 4D) , and the number of ChCs at the border positively correlated with their ODI shift ( Fig. 4E; fig. S10D ). Monocular response 7 properties, such as orientation selectivity, direction selectivity, spatial frequency preference, and binocular matching of orientation preference were normal in ChC-excess animals ( fig. S10) .
Therefore, the persistence of excess ChCs at the V1/V2L border disrupts the binocularity of V1
neurons by suppressing responses to the ipsilateral eye.
Changes in binocular properties due to excess ChCs may impact visually guided behavior. To test stereopsis, we used a visual cliff test in which a high-contrast checkerboard is placed at two Fig. 4G ). ChC-excess mice also spent double the time in the cliff region relative to controls (Fig. 4I,J) . Although both groups approached the cliff at a similar frequency, ChC-excess mice crossed it significantly more frequently (Fig 4K,M) . Mice may use the arena walls to explore and cross the visual cliff. We analyzed crosses at the side walls and center separately, and found ChC-excess mice crossed the cliff significantly more than controls independent of arena walls (Fig 4M) . The average time spent on the cliff side per crossing was almost 4-fold higher in ChC-excess mice (Fig 4L) .
Interestingly, the density of ChCs at the border region was tightly correlated with the percentage of center crossing in ChC-excess animals (Fig 4N-O) , whereas the distance travelled and duration spent were weakly correlated (Fig S11) . Together, these results suggest that excess
ChCs at the V1/V2L border leads to deficient binocular vision. The mechanism of retinal and callosal activity regulation of ChC apoptosis at V1 BZ remains to be elucidated. It is possible that young ChCs initially innervate both non-callosal and callosal PyNs, while the latter establish bilateral reciprocal excitatory connections. As GABAergic transmission may be depolarizing at this postnatal period (36, 37) , ChCs innervating callosal PyNs might promote their firing, forming a trans-callosal loop that is further driven by coordinated bilateral retinal inputs. Such a transient over-excited network may drive the elimination of mis-wired ChCs through apoptosis, thereby shaping a fast trans-callosal network 9 by preventing ChC-mediated inhibition at later stages. Young ChCs in other cortical areas receiving callosal inputs may also be wired into a similar excitatory loop, but the bilateral correlation of peripheral inputs to other areas (e.g. barrel, auditory cortex) (38, 39) may not be synchronous enough to produce the level of over-excitation that eliminates ChCs in V1.
Although early PV and SST cells may also depolarize callosal PyNs, their targeted synapses at the soma and dendrite might be less effective in promoting PyN firing. Our results suggest a mechanism whereby the organization of the peripheral sense organ, which reflects cardinal features of the physical world, regulates the developmental integration of cortical inhibitory interneurons and primes subsequent experience-dependent tuning of sensory perception.
